The article presents the concept of a high-temperature solar dryer with an internal bed storage. Granite was selected as the material for filling the bed storage, and an emphasis was put on its versatile use and favourable thermal and mechanical properties. Experimental tests were carried out for the charging process of the bed storage, which was filled with granite spheres with three different diameters. The influence of the sphere's diameter on the charging and discharging process of the bed storage was analysed. The results of the experiment allowed a conclusion to be drawn that the use of a granite storage bed could prolong the operation of the considered dryer by two hours.
Introduction
The process of drying food for its preservation is very common. In most dryers, heat from fossil fuel combustion or electricity is used for the drying. The popularity of dryers that use solar radiation is still growing. There are numerous literature reviews [1, 2] , as well as research concerning only solar food drying [3, 4] . However, there is a problem with the variable availability of solar radiation during the day, and the number of hours of sunshine. Sometimes, it is not enough to ensure the proper parameters of the drying process. The solution to this problem is the use of a bed storage inside a solar dryer. In the case of temporary cloudiness, the accumulative material will provide adequate conditions to the end of the drying process for a specified period of time, which depends on the used solution.
Materials and Methods
Solar dryers are characterised by their simple construction. Most often, they do not use a heat exchanger or intermediate medium, and the working medium that flows through the accumulative material is directed towards the products being dried. Therefore, the choice of material for a bed storage is important, especially with regards to the safety of drying food. The selected material cannot release any toxic compounds or impurities over time, and during contact with the hot working medium. It should also be durable in order to reduce the need for servicing and system downtime.
In solar drying installations, accumulation techniques that use both sensible and latent heat are used. Extensive reviews on this topic can be found in [5] [6] [7] . Currently, phase-change materials are very popular, among which the use of paraffin wax dominates, e.g., for drying red chillies [8] or mushrooms [9] . The current research also concerns a dryer with phase-change material, which is dedicated to medicinal herbs [10] and crops [11] . The main problem with the use of phase-change materials is that it is necessary to guarantee the appropriate temperature ranges of the process during charging and discharging. This can be a difficult condition to meet in simple solar dryers due to the variable availability of solar radiation.
Solid phase materials can be found, among others, in solar dryers with an oil tank [12] , a battery made of concrete, as well as sand and rock bed [13] . The use of rocks as a material for filling a bed
• heat storage-stone absorbs heat well, stores it for a long time, and most importantly releases it at an even rate. For this reason, it is frequently used as a component of packed beds. It is worth mentioning that granite must not be subjected to rapid changes of temperatures, as this may cause it to break. • temperature resistance-up to 1000 • C.
• hardness-depending on the quartz content, this type of stone has a number of six or seven in the 1-10 Mohs scale of mineral hardness, which means that it is harder than steel.
• density-granite has a high density: approximately 2700 kg/m 3 [19] .
• safe when in contact with food (used both in dryers and solar cookers).
• durable even with many cycles and use in high temperatures [29] .
After the completion of the literature review, it was decided to test granite as a filling material for a packed bed in a solar dryer. The locally available Strzegom granite has high technical properties (compressive strength of 110-170 MPa [19] ) and high durability. Figure 1 shows a photo of the surface of the storage material and a microscope photo on which surface roughness is visible. It is equal to 24 µm for a grinded surface. For comparison, the roughness of rough granite elements, such as breakstone, can reach up to 276 µm. 
The Concept of a Solar Dryer with Internal Heat Storage
The proposed technological solution is shown in Figure 2 . The main elements of the system are a concentrating collector that cooperates with a dryer that has internal heat storage. The authors verified that the use of a solar collector in Polish climatic conditions enables high temperatures to be obtained not only in summer, but throughout the year [30] . The air heated in the collector is directed through the filling material toward the material that is being dried (operating mode marked in Figure  2 as 1'). During this work, the material is dried at the same time as the charging of the rock bed storage. After sunset or when there is sudden cloud cover and no heat generation by the solar collector, the air is directed to the dryer, bypassing the collector. There is then an inflow of cold air at ambient temperature to the dryer. The air flowing through the granite filling is heated and directed to the material being dried (the operating mode is indicated in Figure 2 as 2'). During this time, there is a process of discharging the bed storage.
The considered dryer can be used for both a low and high temperature-drying process due to the use of a solar concentrating collector. The proposed technical solution allows the hot medium from the collector to be mixed with fresh air taken from the surroundings. A solar air heater operating in Polish climatic conditions was the subject of research conducted by one of the authors [33, 34] . In order to intensify the heating rate of the flowing air, the absorber was equipped with internal ribs. As a result of theoretical research of such a solar collector [33] , it was possible to determine the optimal range of air volume flow rate from 0.005 m 3 /s to 0.01 m 3 /s at an efficiency of about 40%. In turn, experimental tests indicated the range of air outlet temperatures to be from approximately 80-160 °C for the above flow rates [34] . These parameters were taken into account when creating the test plan for the granite bed storage for a small solar dryer. 
The proposed technological solution is shown in Figure 2 . The main elements of the system are a concentrating collector that cooperates with a dryer that has internal heat storage. The authors verified that the use of a solar collector in Polish climatic conditions enables high temperatures to be obtained not only in summer, but throughout the year [30] . The air heated in the collector is directed through the filling material toward the material that is being dried (operating mode marked in Figure 2 as 1'). During this work, the material is dried at the same time as the charging of the rock bed storage. After sunset or when there is sudden cloud cover and no heat generation by the solar collector, the air is directed to the dryer, bypassing the collector. There is then an inflow of cold air at ambient temperature to the dryer. The air flowing through the granite filling is heated and directed to the material being dried (the operating mode is indicated in Figure 2 as 2'). During this time, there is a process of discharging the bed storage. Visualisation of a solar dryer with a granite bed storage for two cases; 1' when the heat comes from the collector, and 2' when the heat comes from the bed discharge process.
A high temperature of the working medium of up to 150 °C [35] is necessary, among others, in a two-stage drying process, e.g. for cereals or corn. Other high-temperature drying processes involve the maximum allowable temperature of 150 °C for cassava, 140 °C for tea, and 90 °C for chillies [5] .
Experimental Test Set-up
The experimental test set-up (Figure 3 ) is located in a laboratory of the Department of Fundamentals of Construction and Flow Machines at Wroclaw University of Science and Technology, Poland. Previous research with the use of a test stand that included the model of heat exchange for a ceramic filled bed storage is presented in [36] . The authors described research concerning crushed The considered dryer can be used for both a low and high temperature-drying process due to the use of a solar concentrating collector. The proposed technical solution allows the hot medium from the collector to be mixed with fresh air taken from the surroundings. A solar air heater operating in Polish climatic conditions was the subject of research conducted by one of the authors [33, 34] . In order to intensify the heating rate of the flowing air, the absorber was equipped with internal ribs. As a result of theoretical research of such a solar collector [33] , it was possible to determine the optimal range of air volume flow rate from 0.005 m 3 /s to 0.01 m 3 /s at an efficiency of about 40%. In turn, experimental tests indicated the range of air outlet temperatures to be from approximately 80-160 • C for the above flow rates [34] . These parameters were taken into account when creating the test plan for the granite bed storage for a small solar dryer.
A high temperature of the working medium of up to 150 • C [35] is necessary, among others, in a two-stage drying process, e.g., for cereals or corn. Other high-temperature drying processes involve the maximum allowable temperature of 150 • C for cassava, 140 • C for tea, and 90 • C for chillies [5] .
The experimental test set-up ( Figure 3 ) is located in a laboratory of the Department of Fundamentals of Construction and Flow Machines at Wroclaw University of Science and Technology, Poland. Previous research with the use of a test stand that included the model of heat exchange for a ceramic filled bed storage is presented in [36] . The authors described research concerning crushed granite in [30] , which included the analysis of heat exchange during the operation of a bed storage, and allowed the temperature of the filling material for the long-term accumulation system to be determined. The main purpose of the current work is to choose the appropriate diameter of filling material for a rock bed storage that is integrated with a dryer. The bed storage is meant to stabilize the system by heating the air directed to the products being dried during a period of low solar radiation.
The experimental stand consists of the following elements:
• a fan providing air flow through the rock bed; • a gas meter for measuring the volume flow rate of air injected into the rock bed; After the test stand is activated, the air fan forces the air stream into the packed bed. The stream first passes through the gas meter, which enables its air volume flow rate to be regulated. In the next step, the air stream is heated to a predefined temperature with the heater, and then it flows through the packed bed filled with spheres of various sizes. The air flow and the air temperature are regulated with the two autotransformers. After the test stand is activated, the air fan forces the air stream into the packed bed. The stream first passes through the gas meter, which enables its air volume flow rate to be regulated. In the next step, the air stream is heated to a predefined temperature with the heater, and then it flows through the packed bed filled with spheres of various sizes. The air flow and the air temperature are regulated with the two autotransformers.
Efficiency of the Charging Process

The performed tests allowed the actual and the maximum amount of accumulated energy to be calculated, and as a result, the efficiency of the charging process to be determined [37] .
The efficiency of the packed bed charging process is described in Equation (1):
The actual flux of accumulated energy is described in Equation (2), and is calculated from the balance of energy at the input to the system and the heat losses on the surface of the packed bed:
Equation (3) describes the maximum flux of accumulated energy, which is related to the parameters of the working medium treated as perfect gas at 20 • C (ρ a = 1.2 kg/m 3 , c pa = 1.005 kJ/kg·K), because in the analysed temperature range of 20-150 • C, the specific heat of air at a constant pressure only changes by 1.2%. The density was only used for calculating the mass flow rate, and during the tests, the volumetric flow rate of the air sucked from the surroundings was measured, according to Equation (3):
The flux of heat loss from the storage bed (4) is calculated in the exact same way as the maximum flux of accumulated energy, but for a storage bed that is not filled with granite:
The following factors influence the efficiency of the packed bed charging process:
• The majority of the above-mentioned factors varied during the experiment, which was natural for the assumed packed bed design, and the ambient temperature was approximately 19 • C. Thus, three variables were considered as independent variables: x 1 = T in , x 2 = D, and x 3 = . V p . In its general form, the theoretical charging process efficiency is a function of these three independent variables (5):
Hartley Experiment Design for the Investigated Packed Bed
Of the three-level experiment designs, it was decided that the tests that aimed to determine the packed bed's charging characteristics would be based on the Hartley design [38] . It is a very convenient design that allows the time and the cost of the experiment to be reduced due to the three input factors positioned on three variability levels only requiring 11 measurement sessions instead of 3 3 , i.e., 27 required sessions in the case of other experiment designs. The input variables included: temperature of the inlet air, air flow stream, and rock bed filler material-granite spheres of various sizes. The temperatures were measured at an interval of one minute, and recorded on an external device. Table 1 lists the assumed values of the input factors, and Table 2 shows the matrix of the Hartley design for the performed experiment. The Hartley design serves as a means to generate a quadratic equation describing the unknown parameter with the use of three independent variables. In the analysed case, a series of experiments that were performed in accordance with the design allow the following polynomial to be obtained (6) :
Then, 11 unknown regression coefficients are calculated from relationship (7), which corresponds to the results of the matrix analysis:
The matrix determinant is a real number assigned to a square matrix. Let us consider a given square matrix A of order n. The determinant is such a representation that assigns exactly one real number detA to a given matrix. If the matrix is of the n = 1 order, its determinant is detA = a 11 . If the matrix order is greater than 1, its determinant is calculated according to Equation (8):
where detM ij is the determinant of the matrix obtained from matrix A by deleting the ith row and the jth column [39] . Figure 4 shows the subsequent steps of the Hartley design and their corresponding locations in this paper, which are provided in order to clarify the procedure's algorithm.
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Experimental Tests for Rock Bed Storage
Eleven series of tests were performed on the experimental set-up in accordance with the Hartley design of the experiment for three different variability levels: air temperature at the inlet to the packed bed, air volume flow rate, and three various diameters of the granite spheres. The number of granite spheres in the packed bed was dependent on their mass: for each of the three diameters, the 
Eleven series of tests were performed on the experimental set-up in accordance with the Hartley design of the experiment for three different variability levels: air temperature at the inlet to the packed bed, air volume flow rate, and three various diameters of the granite spheres. The number of granite spheres in the packed bed was dependent on their mass: for each of the three diameters, the total mass of spheres was 25.6 kg. The temperature was measured with thermocouples, which were positioned at the inlet of the packed bed, at the outlet of the packed bed, and also outside the experimental set-up, in order to determine the ambient temperature. The time of each of the experiments exceeded three hours, and lasted until the temperature of the air at the inlet to the packed bed stabilized. The spheres that were used in the experiment are shown in Figure 5 . The material, in the shape of spheres, was selected for the tests since in the calculations of heat exchange in rock bed storages, the equivalent diameter is determined and the material is treated as a sphere [40] . This allowed any error related to determining the equivalent diameter to be avoided, which is troublesome. Figure 6 shows spheres of various sizes arranged in the packed bed. The bed was filled in configurations with either 26 large spheres, 58 medium-size spheres, or 142 small spheres. In order to determine the heat loss flux for each of the configurations, an additional measurement series were performed for a configuration without granite filling. The investigations covered the mass air flow rate, as well as the air inlet and outlet temperatures. In the next step, second-degree polynomials were determined for the relation between the temperature decrease and temperature difference for each of the three investigated air flow rates. By inserting the resulting temperature decrease values into Equation (4), it was possible to find the heat loss flux from the packed bed. Table 3 contains the measurement results, as well as the mean temperature and the temperature difference. The material, in the shape of spheres, was selected for the tests since in the calculations of heat exchange in rock bed storages, the equivalent diameter is determined and the material is treated as a sphere [40] . This allowed any error related to determining the equivalent diameter to be avoided, which is troublesome. Figure 6 shows spheres of various sizes arranged in the packed bed. The bed was filled in configurations with either 26 large spheres, 58 medium-size spheres, or 142 small spheres.
total mass of spheres was 25.6 kg. The temperature was measured with thermocouples, which were positioned at the inlet of the packed bed, at the outlet of the packed bed, and also outside the experimental set-up, in order to determine the ambient temperature. The time of each of the experiments exceeded three hours, and lasted until the temperature of the air at the inlet to the packed bed stabilized. The spheres that were used in the experiment are shown in Figure 5 . The material, in the shape of spheres, was selected for the tests since in the calculations of heat exchange in rock bed storages, the equivalent diameter is determined and the material is treated as a sphere [40] . This allowed any error related to determining the equivalent diameter to be avoided, which is troublesome. Figure 6 shows spheres of various sizes arranged in the packed bed. The bed was filled in configurations with either 26 large spheres, 58 medium-size spheres, or 142 small spheres. In order to determine the heat loss flux for each of the configurations, an additional measurement series were performed for a configuration without granite filling. The investigations covered the mass air flow rate, as well as the air inlet and outlet temperatures. In the next step, second-degree polynomials were determined for the relation between the temperature decrease and temperature difference for each of the three investigated air flow rates. By inserting the resulting temperature decrease values into Equation (4), it was possible to find the heat loss flux from the packed bed. Table 3 contains the measurement results, as well as the mean temperature and the temperature difference. In order to determine the heat loss flux for each of the configurations, an additional measurement series were performed for a configuration without granite filling. The investigations covered the mass air flow rate, as well as the air inlet and outlet temperatures. In the next step, second-degree polynomials were determined for the relation between the temperature decrease and temperature difference for each of the three investigated air flow rates. By inserting the resulting temperature decrease values into Equation (4), it was possible to find the heat loss flux from the packed bed. Table 3 contains the measurement results, as well as the mean temperature and the temperature difference. Using the plan of the experiment and data from Table 2 , the temperature values were determined. They enabled the dependence between air outlet temperatures over time to be determined, as shown in Figure 7 . The generated relationships between the air temperatures at the outlet of the packed bed and time allowed the observation that an increase of the temperature at the inlet to the bed is accompanied by an increased difference between the temperatures of air at the inlet to the bed and at the outlet of it. For instance, with no consideration given to the size of the granite spheres, at the air inlet temperature of 150 • C, the mean difference is 32.0 • C, at the air inlet temperature of 120 • C, the mean difference is reduced to 24.7 • C, and at the lowest inlet temperature, the difference is only 16.7 • C. Table 4 contains the results of calculations for 11 measurement series. The efficiency of the packed bed charging process and its constituent elements were calculated in accordance with equations (1-4) . In each of the series, the measurements were finished when the increase of the air outlet temperature did not exceed 1 • C over a 10-minute charging process time. In order to clarify the experimental procedure, Table 5 shows the measured values and calculations for 10-minute time steps in the ninth measurement series, while Figure 8 represents the characteristics of the maximum, actual heat flux, and efficiency of the charging process in the function of time for experiment No. 9. As was shown in Figure 8 , the process efficiency decreases over time. This is due to the decreasing flux of transferred heat, which after three hours is smaller than the losses from the bed storage. Further charging of the bed storage is a low-efficiency process.
Granite Bed-Charging Process Characteristics
Based on the matrix determinants, it was possible to obtain the values of regression coefficients As was shown in Figure 8 , the process efficiency decreases over time. This is due to the decreasing flux of transferred heat, which after three hours is smaller than the losses from the bed storage. Further charging of the bed storage is a low-efficiency process.
Based on the matrix determinants, it was possible to obtain the values of regression coefficients and collect them in Table 6 . A general quadratic equation was established for calculating the theoretical efficiency of the packed bed charging process ε t . The calculations of the theoretical charging process efficiency are based on the values of regression coefficients b i . The general quadratic Equation (6) for calculating the theoretical efficiency of the packed bed charging process, after one hour, takes the following form (9):
Figures 9-11 show three-dimensional (3D) graphs for the following variables: air inlet temperature T in , air volume flow rate . V a , and theoretical efficiency of the packed bed charging process ε t , which were plotted for constant granite sphere diameter values D, equal to 50 mm, 70 mm, and 90 mm, respectively. Figures 9-11 show three-dimensional (3D) graphs for the following variables: air inlet temperature Tin, air volume flow rate ̇, and theoretical efficiency of the packed bed charging process , which were plotted for constant granite sphere diameter values D, equal to 50 mm, 70 mm, and 90 mm, respectively. Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 50 mm, after one, two, and three hours of the charging process. Figure 10 . Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 70 mm, after one, two, and three hours of the charging process. Figure 9 . Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 50 mm, after one, two, and three hours of the charging process. Figures 9-11 show three-dimensional (3D) graphs for the following variables: air inlet temperature Tin, air volume flow rate ̇, and theoretical efficiency of the packed bed charging process , which were plotted for constant granite sphere diameter values D, equal to 50 mm, 70 mm, and 90 mm, respectively. Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 50 mm, after one, two, and three hours of the charging process. Figure 10 . Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 70 mm, after one, two, and three hours of the charging process. Figure 10 . Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 70 mm, after one, two, and three hours of the charging process. Figures 9-11 show three-dimensional (3D) graphs for the following variables: air inlet temperature Tin, air volume flow rate ̇, and theoretical efficiency of the packed bed charging process , which were plotted for constant granite sphere diameter values D, equal to 50 mm, 70 mm, and 90 mm, respectively. Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 50 mm, after one, two, and three hours of the charging process. Figure 10 . Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 70 mm, after one, two, and three hours of the charging process. Figure 11 . Relationship between the air inlet temperature, the air volume flow rate, and the theoretical efficiency of the packed bed charging process, for a granite sphere diameter equal to 90 mm, after one, two, and three hours of the charging process.
Figures 9-11 demonstrate that the highest values of the packed bed's theoretical charging process efficiency are observed at the beginning of the accumulation process and decrease with the bed charging time. The efficiency variations in the functions of air inlet temperature and volume air flow rate show a similar pattern for all of the sphere diameters after one, two, and three hours of charging time. Remarkably, after one hour of charging time the highest efficiency values are observed for spheres with the smallest diameter. After two hours of charging time, the efficiency is highest for the 70-mm spheres, and after three hours, the efficiency is highest for the largest spheres. This phenomenon may be caused by the smallest spheres having a greater heat exchange surface. As a result, in the initial phase of the process, the smallest spheres show the highest temperature increase, but the flux of accumulated heat is decreasing in the latter phases. It is worth mentioning the two investigated configurations in which the charging process efficiency is high for all three diameters: at the beginning of the accumulation process for the smallest air flow rates and the low inlet temperature of the medium, and after three hours for the greatest air flow rates and the highest air inlet temperature values.
Granite Bed Discharging Process
Due to the use of the bed storage in the dryer, it is possible to continue the process despite temporary cloud cover. Figure 12 shows the process of discharging the bed storage for different sizes of filling. The bed storage was heated to 90 • C. This corresponds, for example, to the maximum allowable drying temperature of chillies [5] . A temperature of 40 • C [41] was assumed as the limit temperature, below which the continuation of the drying process of chillies has no technological and economic sense. In all three cases, the drying process could take place for more than two more hours, despite the lack of solar radiation.
phenomenon may be caused by the smallest spheres having a greater heat exchange surface. As a result, in the initial phase of the process, the smallest spheres show the highest temperature increase, but the flux of accumulated heat is decreasing in the latter phases. It is worth mentioning the two investigated configurations in which the charging process efficiency is high for all three diameters: at the beginning of the accumulation process for the smallest air flow rates and the low inlet temperature of the medium, and after three hours for the greatest air flow rates and the highest air inlet temperature values.
Due to the use of the bed storage in the dryer, it is possible to continue the process despite temporary cloud cover. Figure 12 shows the process of discharging the bed storage for different sizes of filling. The bed storage was heated to 90 °C. This corresponds, for example, to the maximum allowable drying temperature of chillies [5] . A temperature of 40 °C [41] was assumed as the limit temperature, below which the continuation of the drying process of chillies has no technological and economic sense. In all three cases, the drying process could take place for more than two more hours, despite the lack of solar radiation.
In addition to the temperature, the heat flux during the discharging of the bed storage was analysed. The flux values are similar, but the highest heat flux during two hours of discharge was achieved for the spheres with the smallest diameter. However, the smallest heat flux was obtained from the largest spheres. This means that for this filling, the process is slower, and can therefore sustain the drying process longer without the flow rate needing to be regulated. In addition to the temperature, the heat flux during the discharging of the bed storage was analysed. The flux values are similar, but the highest heat flux during two hours of discharge was achieved for the spheres with the smallest diameter. However, the smallest heat flux was obtained from the largest spheres. This means that for this filling, the process is slower, and can therefore sustain the drying process longer without the flow rate needing to be regulated.
Conclusions
The tests carried out for three different types of bed storage filling showed that the size of granite that is used as a storage material has a big impact on the efficiency of the process. The authors used granite that was previously prepared in the form of spheres, which allowed its characteristic dimensions to be precisely determined. Due to the preparation of the experiment plan, the number of required measuring series was decreased, and it was shown that the efficiency of charging the bed storage filled with granite is similar for all of the sizes of the filling material after the first hour of charging.
However, differences in the efficiency are visible later, and therefore, the time at which the research is conducted is important. As can be seen in Figures 9-11 , in the second and third hour, the efficiency of the charging process is much more dependent on the air inlet temperature and the flow rate of the working medium than in the first hour. Conducting research on the process of discharging the bed storage showed that it is possible to obtain similar heat fluxes as during the charging process under the same process conditions. Therefore, the authors believe that they showed that granite, due to its thermal and mechanical parameters, can be used as a filling of bed storage, as well as in solar dryers with a working medium in the form of air. 
